The growth of titanium dioxide nanorod arrays (TNAs) in aqueous solutions containing titanium butoxide and hydrochloric acid can be controlled by regulating the temperature from 115 to 150 °C as an adjustable physical parameter. The transparent colloidal solution of titanates is clouded on the basic growth of TNAs when heated at a certain temperature using an improved aqueous chemical growth method in a clamped Schott bottle. The structural, optical and electrical properties of grown TNAs films were thoroughly investigated and discussed. The distinct and high-intensity peaks observed in the X-ray diffraction pattern and Raman spectra of the grown TNAs show the rutile phase with high crystal quality. The crystallite size, diameter size, and thickness of TNAs decrease with decreasing growth temperature. The prepared TNAs were used to detect 365 nm ultraviolet (UV) photon energy (750 µW/cm 2 ) in a photoelectrochemical cell structure with a maximum photocurrent of 26.31 µA and minimum photocurrent of 3.48 µA recorded for TNAs grown at 150 °C and 115 °C, respectively. The size, structural properties, charge transfer resistance, and electron lifetime play a key role in determining the UV sensing characteristics of the TNAs. Results show that TNAs are very promising in fabricating a UV sensor with a high response at 0 V bias even at a low growth temperature of 115 °C.
Introduction
Titanium dioxide (TiO 2 ) is an expedient semiconducting material for extensive applications due to the ease with which it can be utilized to form nanostructures as well as its outstanding electrical properties, such as a wide bandgap and large excitation binding energy [1] [2] [3] . The TiO 2 nanostructure possesses a high surface-to-volume ratio to form active sites for inducing the sensing mechanism. The ratio also inflicts nanoconfinement effects on the liquid molecules, which may uphold or overturn the surface reactions [4, 5] . In recent years, the aspect of nanoconfinement on photoelectrochemical cell (PEC) reactions in nanorod structures have been studied in terms of photocurrent transportation and electrolyte molecules [6] [7] [8] [9] [10] [11] . A previous study has also suggested that the characteristics of nanoconfined electrolyte molecules diverge significantly than in their bulk counterpart as a result of interfacial reactions at the surface of TiO 2 nanorod structure [12] [13] [14] [15] [16] . Although the nanoporous structure offers a high surface-to-volume ratio, the transportation mechanism of charge carriers is not in favour due to the formation of multiple paths and electron traps between 1 3 the grain boundaries [17, 18] . Thus, the characteristics of TiO 2 nanorod arrays (TNAs), which offers direct pathways for the transportation of charge carriers, and electrolyte molecules at the vicinity of their interface play a significant role in the performance of TNAs-based applications. The utilization of TNAs is considered as an effective route for reducing the electron-hole recombination, particularly for PEC-based devices.
Recently, TNAs has been attracting a lot of interest for the application of PEC-based self-powered ultraviolet (UV) sensor devices, which don't need additional power sources or batteries, making this type of material as part of the device applicable for large-scale applications. For example, Chen et al. fabricated self-powered PEC-type UV sensor using rutile TNAs grown on SnO nanotube [19] . The fabricated device shows promising results for 365-nm UV detection with a maximum responsivity value of 0.145 A/W. In other report, Chen et al. fabricated self-powered PECtype UV sensors using rutile TNAs [20] . The TNAs-based devices were well-responsive to the 340-nm UV light and the response of the devices was further enhanced by using SnO 2 -TiO 2 heterojunction. The PEC-based sensors utilizing TNAs also developed by Wang et al. [21] . The TNAs-based devices showed good current responses to the UV light. The TNAs were hydrogenated and coated with gold nanoparticles to improve the sensing performance. The PEC-based devices, which used TNAs as a main material, have also been used in other applications such as solar cells [6, 7] , hydrogen generators [8, 9] , biosensors [10] , and glucose sensors [11] . The TNAs of the UV sensor device produces photocurrent from the photon energy of UV. The value of photocurrent is highly dependent on the specific diameter size and length of the TNAs. Although extensive investigations have reported improvements to the single-step growth method of TNAs [12] [13] [14] [15] , the introduced method often includes a difficult preparation process and complicated equipment to enhance the deposition process on the substrate. In most cases, the application of a high-pressure vessel or autoclave was commonly reported. The operation of the tools is difficult due to the size and weight of the stainless-steel materials. Furthermore, the system also requires a Teflon vessel to hold the heat and the pressure inside the stainless-steel container. In addition, the time it takes to heat the autoclave during the growth process and to cool down the autoclave after the growth procedure prolongs and thus affects the growth of TNAs. In order to further simplify the growth of TNAs, it is essential to improve the current method to be less complicated and more rapid for the growth of TNAs on the substrate. Moreover, the expedient procedure of large-scale growth of TNAs still remains a challenge.
Several attempts have been made to further enhance the photocurrent of TNA-based UV sensors. Xie et al. reported a UV sensor based on TiO 2 nano-branched arrays on TNAs to increase the effective surface area [12] . Meanwhile Yan et al. fabricated a self-powered UV sensor based on reduced TiO 2 nanorods to improve the separation and recombination of excitonic charge carriers [22] . Although the responsivity is improved via these techniques, the preparation procedure often requires additional and advanced processes. The controllable growth of TNAs by the hydrothermal method at various parameters was also reported by Cao et al. [15] . Although the optimization of growth parameters was systemically studied, a limited number of samples were involved in the investigation. Moreover, detailed studies on the structural and electrical properties of TNAs on transparent conducting substrates using the aqueous chemical-based immersion method are rarely reported. In addition, more research should be performed to optimize the size and length of the nanorods for a specific application of the device.
In this study, we have investigated the effect of growth temperature on the properties of grown TNAs through an improved one-step aqueous chemical immersion method using a simple modified Schott bottle with cap clamps. The TNAs were deposited directly on a fluorine-doped tin oxide (FTO) substrate without a seed layer, which is a prerequisite for fabricating electronic devices, particularly for UV photosensing whereby the FTO acts as an electrode with an Ohmic contact. Particularly in this study, we investigate the influence of a low growth temperature (below 150 °C) on the structural, optical, and electrical properties of the synthesized TNAs; this task must be done in advance for the specific application of the UV photosensor. The low growth temperature could be achieved through our introduced method. The transformation process from low density to high density in correlation with decreasing growth temperature due to the reduced diameter size of TNAs has previously not been discussed in significant detail. Although the decrease of diameter size and length of the TNAs is expected to reduce the photogenerated current in attribution to the decrease of active surface area, the minimum parameter of the growth temperature, and its effect on the PEC-based UV photosensing need to be investigated for the future application of sensing devices, when low photocurrent signal is sufficient to achieve meaningful detection within modern-generation micro-controllers. Additionally, a low temperature is preferable to most of the manufacturing industries to minimise the operation costs. To the best of our knowledge, the low-temperature growth of TNAs has not been thoroughly investigated yet, and the minimum diameter size and length, or thickness of the TNAs achieved through our introduced method is by far the lowest value attained on a seedless FTO-coated glass substrate.
Experimental details

Synthesis of TNAs
Firstly, the TNAs were grown on a cleaned FTO-coated glass substrate using the one-step aqueous chemical growth method in a clamped Schott bottle. Briefly, a diluted hydrochloric acid (HCl; 37%, Merck) solution was prepared by adding deionized water (DI) at a volume ratio of 1:1 and was stirred for 10 min at ambient temperature in the Schott bottle. Then, 0.07 M of titanium (IV) butoxide (97%, SigmaAldrich) was slowly added to the diluted solution and stirred for another 30 min. An ultrasonically cleansed FTO glass substrate was immersed and placed in the prepared solution with the conductive side facing upward. The bottle was tightly closed and clamped before being heated for 3 h in an electric oven. The growth temperatures were 115 °C, 120 °C, 130 °C, 140 °C, and 150 °C. After the heating process, the bottle was cooled down to ambient temperature. The grown TNAs samples were taken out immediately, rinsed with DI water and dried at room temperature before being annealed in a furnace at 450 °C for 1 h to improve the crystallinity.
Device fabrication
The setup of grown TNAs for sensing UV irradiation was assembled based on the PEC structure. Briefly, the grown TNAs on the FTO glass substrate were exploited as a working electrode, and a platinum (Pt)-coated FTO substrate was utilized as a counter electrode. The counter electrode was produced by depositing a 100 nm thick Pt layer on the FTO glass substrate using a thermal evaporator (ULVAC). A spacer (Surlyn, DuPont) was sandwiched between the prepared electrode and counter electrode to inhibit internal short circuits. Finally, a liquid electrolyte solution comprising iodine (0.05 M), lithium iodide (0.5 M) and acetonitrile was injected into the inter-electrode spacer. The effective area of the UV sensor was designed to be approximately 1.0 cm 2 .
Characterization
The structural properties were examined by field-emission scanning electron microscopy (FESEM, JEOL JSM-7600F) for surface morphology, field-emission transmission electron microscopy (FETEM, JEOL JEM-2100F) with selected area electron diffraction (SAED) for atomic structure, and X-ray diffraction (XRD, Shimadzu XRD-6000, Cu Kα radiation, wavelength 1.54 Å) for crystal structure. The structural fingerprint was also examined via and micro-Raman spectroscopy (Renishaw, 514 nm laser). The optical properties were measured using a UV-Vis-NIR spectrophotometer (Cary 5000). The electrical properties were measured using a direct current (DC) two-probing system semiconductor device analyzer (Keysight B1500A) for current-voltage (I-V) characteristics of the grown TNAs samples and UV photocurrent measurement system (Keithley 2400) under UV lamp (365 nm, 750 µW cm −2 ) for measuring the photocurrent of the set-up PEC device samples. The surface reaction of TNAs with the electrolyte was also measured using electrochemical impedance spectroscopy (EIS) analysis (Solatron-Si1287/Si1260) under the UV lamp. Table 1 ). The higher energy provided in higher growth temperatures enhanced the kinetic energy of the system and accelerated the growth reaction process, which increases the mobility and the diffusion length of the precursor ions to reach the firstly grown TNAs nuclei. The cross-sectional images also demonstrate that the aligned TNAs are vertically grown on the FTO glass substrates, which are likely to improve the electron transportation that could be attributed to a single pathway of nanorod structure [23] . The cross-sectional images are also consistent with the top-view morphological images, which exhibit the increasing growth of TNAs size in correlation with the growth temperature. The correlation between average diameter and length of TNAs with the growth temperature are depicted in Fig. 2f . The minimum growth temperature that can be applied to grow TNAs for the current study using the introduced method was 115 °C. However, our experiment suggested that the formation of TNAs has not been observed on the substrate at growth temperatures below 115 °C (the result is not provided here). In this view, our results suggest that there is a critical growth temperature, which provides adequate thermal energy for TNAs formation by facilitating efficient adsorption of precursor ions for surface stabilization. At a temperature below 115 °C, there is insufficient thermal energy to effectively support the adsorption of precursor ions on the substrate to form TNAs. Figure 3 presents the XRD pattern of the grown TNAs at various growth temperatures. Four diffraction peaks were recorded in the pattern, which correspond to (110), (101), (211), and (002) planes. These planes are matched to the tetragonal-faceted nanorods of rutile TiO 2 (JCPDS No. 01-072-1148). The peaks indicating the presence of anatase and brookite structures were not observed in the XRD pattern. Meanwhile, the peaks marked with stars designate the SnO 2 peaks arising from the FTO glass substrate. Based on the XRD peaks, the edge-sharing formation of the octahedron had manifested in the growth reaction process of rutile TNAs. TiO 6 octahedrons in rutile framework bond to each other through edge-sharing, which result in the formation of chains along the c-axis. The vertically grown TNAs along the c-axis is represented by the (002) peak, and the intensity of the peak has been reported to correspond with the number of grown TNAs in proportion to the growth temperature [24, 25] . The (002) diffraction peak of the TNAs appears to intensify as the growth temperature increases, which proves that the grown TNAs are well-orientated along the c-axis at high temperature. The TNAs are also represented by the (101) peak, which resulted from the X-rays penetrating into the side surface of the TNAs [24, 26] . The samples also exhibit distinct peaks at (110), and (211), indicating the growth of TNAs on other planes as discussed in previous reports [15, 27, 28] . The availability of corners and edges from the octahedral structure influence the growth rate of TNAs through the merging activity of the unit cell of the TiO 6 octahedron via edge-sharing and could be increased at a high growth temperature. Thus, the growth of rutile TNAs corresponding to the XRD peaks is likely to follow the sequence of (110) < (100) < (101) < (001) [29] . This sequence corresponds to the rutile TNAs, which are represented by the [101] and [001] directions that were uniformly grown on the surface of the substrate, even at the lowest growth temperature. In addition, the TNAs have the tendency to grow on the FTO glass substrate at various growth temperatures as specified because of a small lattice mismatch between FTO and TNAs at 2% [30] . The FTO layer also helps to improve the crystallinity of rutile-type TNAs on the glass substrate. A previous study indicates that the atomic arrangement of the TiO 2 is strongly influenced by the crystallinity of the substrate [31] . The FTO has an almost similar tetragonal structure with rutile TiO 2 with lattice parameters of a = b = 0.4687 nm, which slightly differ from the lattice parameters of rutile TiO 2 (a = b = 0.4594 nm). Thus, the growth of TNAs on the FTO glass substrate is possibly due to this small lattice mismatch to the extent of the minimum growth temperature. The FTO thus facilitates a nucleation layer to grow rutile TNAs effectively without the need of a TiO 2 seed layer. When the reagents titanium (IV) butoxide, HCl, and DI water are mixed, the following reactions take place [32, 33] . The 4s 2 and 3d 2 orbitals of titanium from the precursor (titanium (IV) butoxide) undergo an octahedral d 2 sp 3 hybridization. The four valence electrons at equatorial hybrid orbitals are shared by OC 4 H 9 − ligands, which have high electronegativity [34] . Meanwhile, the two axial orbitals in this configuration are still empty. When the DI water is added, spontaneous hydrolysis occurs to the Ti 4+ ions. However, the condensation process will rapidly occur if the solution has low acidity and consequently produce amorphous TiO 2 particles [35] . According to Liu et al., the TiO 2 precipitated immediately upon the direct addition of titanium butoxide into DI water; this solution produced no nanorods on the substrate after the hydrothermal process [30] . With the presence of HCl, the growth of rutile phase crystalline TiO 2 on the substrates could be achieved because HCl reduces the spontaneous condensation in the solution by producing more complexes with a positive charge [36] . The high acidity of the solution also allows the formation of stable linear edge-shared configurations, which produces rutile TiO 2 because the strong repulsion forces between positively charged complexes are not stable for the angular configuration that produces anatase TiO 2 . In general, the HCl functions as a crystallization inhibitor by reducing the concentration of OH − anions in the solution and prevents rapid condensation of titanium-hydroxo complexes through the protonation of OH − ligands to increase electrostatic repulsion between the complexes. Thus, with the help of HCl as a crystallization inhibitor, [Ti(OH) 4−n (OH2) 2+n ] n+ |n = 1, 2, 3 complexes can be produced in the solution, which carry positive charge and control the reaction by hydrolysis equilibrium [37, 38] . These [Ti(OH) 4−n (OH2) 2+n ] n+ |n = 1, 2, 3 complexes avoid each other due to electrostatic repulsion and remain stable in the solution, particularly before the immersion process. Therefore, the solution remains transparent in the presence of HCl. Other reports also suggest that in aqueous titanium (IV) butoxide solution with the presence of HCl, Cl − anions are coordinated to the Ti 4+ ions to form [Ti(OH) n Cl m ] 2− , where n + m = 6 [39] . The n and m values are influenced by the solution acidity and Cl − ions concentration in the solution. However, another study indicates that Cl − ions are more protonated in water rather than coordinated to the Ti 4+ ions [37] . This condition was supported by Jordan et al., which also showed that Cl − ions were not coordinated to the Ti 4+ ions in the Ti-polycondensate structures [32] . The results suggested that Cl − unlikely coordinated to the Ti 4+ cations. Upon the immersion process at a certain growth temperature, the energy supply through the heating process is adequate to overcome electrostatic repulsion forces between the [Ti(OH) 4−n (OH2) 2+n ] n+ |n = 1, 2, 3 complexes and facilitate the condensation process of rutile TiO 2 on the FTO substrate. These processes are accelerated at higher growth temperatures as manifested by the enlarged diameters and lengths of the TNAs. The condensation process starts with removal of OH 2 (aquo) ligands from the complexes through an olation process. As a result, the octahedral chains are formed. Then, the oxolation process takes place to remove the remaining OH (hydroxo) ligands from the complexes to produce the nanorod structure in the process through multiple combinations of titanium-octahedral chains.
Results and discussion
The XRD data of grown TNAs at different growth temperatures has been employed for calculating the lattice parameters of a-axis and c-axis based on the distinctive peaks of (110) and (002) planes of the XRD spectra, respectively, using the following equation [40, 41] :
where d is the distance between the planes based on 2θ from the Bragg Law in Eq. (2), while h, k, and l represent Miller indices.
The estimated values of lattice parameters in Table 2 disclose that there has been a steady increase from 4.594 to 4.653 Å and 2.962 to 2.976 Å for the a-axis and c-axis of grown TNAs, respectively. These results show that a positive correlation was found between the growth temperature of TNAs, and the lattice parameter for both a-axis and c-axis. The measurement of strain (ζ c ) at the c-axis in rutile TNAs was chosen to determine the correlation between growth temperature and strain from the calculated lattice parameters according to the following equation [41, 42] :
here c represents the lattice parameter of the strained TNAs estimated from the XRD data and c o represents the standard value of the lattice parameter for unstrained bulk rutile TiO 2 . A positive sign of strain designates tensile, while a negative sign designates compressive strain. The value of strain in Table 2 shows that all samples are tensile. The strain increases from 0.060 to 0.608% with increasing growth temperature from 115 to 150 °C samples (Fig. 4) , indicating the formation of a more tense structure with a high growth temperature of the solution during the reaction. Thus, a more relaxed structure could be achieved at low growth temperatures. The strain values also designate that the lattice parameter, c, of the TNAs is elongated along the unit cell of the c-axis. The formation of strain also contributes to the existence of distortion in a unit cell structure due to the deviation of interplanar distance (d) of grown TNAs at various growth temperatures, compared to bulk TiO 2 . The distortion is calculated based on the lattice mismatch (Δd) using the following equation [43] : A positive value designates that the residual stress is tensile, while a negative value designates that the residual stress is compressive on the surface of grown TNAs at various growth temperatures. The analysed data on the lattice mismatch in Table 2 indicate that the residual stress in all samples is tensile. The generation of strain and lattice mismatch due to the alteration of lattice parameter from its standard bulk value are likely to be related to the existence of microstress and macrostress from the broadening of diffraction peaks as the growth temperature increases. These stresses may partly be explained by the generation of defects in the grown TNAs and may facilitate inferences on its unit cell structure to depart from its ideal stoichiometry. Macrostress extends the average crystallite size, while microstress broadens the diffraction peak [43, 44] . Monocrystalline structure is mostly thermodynamically stable due to the benefits of low surface and interface energies compared to polycrystalline structure [42, 45] . The influence of strain energy minimisation is proportional to those of surface and interface energy minimisation since the normal growth of crystallites could not occur until the subpopulation of crystallites favoured by strain energy minimisation had been dissipated with other orientations. In the course of tolerably thin films, surface and interface energy minimisation of crystallites are meticulously developed, while the strain energy minimisation of crystallites is structured for thicker films at high elastic strain [46] . Consequently, the duel between surface and interface energy minimisation, and strain energy minimisation of the crystallites is likely to be related to the formation of strain and expansion of lattice parameters as evaluated by the analysis of XRD at various growth temperatures. This may also be connected to the rise of (110), (101) and (211) peaks in correlation with the average length of nanorods. It can thus be suggested that the probability of the TNAs growth process along the c-axis is mostly subjected to the surface and interface energy minimisation, while others are subjected to the strain energy minimisation. During the initial growth of TNAs, the agility of adatoms is low and donates to surface and interface energy minimisation on the surface of FTO glass substrate for the growth of grains. In addition, the agitation of HCl in correlation with growth temperature also streams the pressure inside the glass container and may affect the strain energy minimisation for TNAs growth due to the high agility of adatoms on a crystal surface.
The XRD patterns of grown TNAs at various growth temperatures also has been utilized to calculate the relative peak intensity, P (hkl) , of the c-axis along the (002) plane, which has been described to substantially improve the electrical mobility [47, 48] , according to the following equation [49] :
here I (hkl) corresponds to the peak intensity of the (002) plane, while Σ I (hkl) represents the total peak intensities of all planes of the grown TNAs on the substrate. The average crystallite sizes of the grown TNAs at various growth temperatures have also been analysed using Scherrer's equation as follows:
where λ, β, and θ represents the wavelength of the X-ray (1.54 Å), full width at half maxima (FWHM) of (002) plane, and peak angle of the (002) plane. Table 2 displays the measured values of the relative peak intensity and average crystallite sizes for TNAs grown at different temperatures. The results of the relative peak intensity of grown TNAs illustrate a small increase from 0.78 to 0.83, while the average crystallite size linearly increases with growth temperature in the range of 22.5-30.0 nm for 115-150 °C samples (Fig. 4) , respectively. The results of average crystallite size further describe the growth mechanism in the solution-based immersion method, which is nucleation and crystallization. Throughout these processes, the enlargement of the crystallite size at high growth temperature was hastened by the increase of nucleation number per unit area to continually form crystal nuclei [50, 51] . Additionally, the increase of average crystallite size with increasing growth temperature could be attributed to the lengthened lattice parameters of a-axis and c-axis as analysed through the XRD patterns. The divergence of lattice parameters describes the foundation of defect formations containing oxygen content in the grown samples [40] . Furthermore, the XRD combined patterns of rutile TNAs peaks for all samples show the slight shift of peaks towards the standard value of bulk TiO 2 peaks as the growth temperature decreases to the smallest value. A possible explanation for this result may be the relaxation of crystallite structure of the TNAs. This condition subsequently decreases the surface energy and the tensile stress of the grown TNAs [42] , which is in agreement with our strain analysis. Figure 5 shows the Raman spectra of grown TNAs at various growth temperatures. The rutile structure of TiO 2 is categorized under P42/mnm tetragonal space group. In this group, the unit cell is constructed by two lattice vectors of a and c. Generally, the unit cell contains two TiO 2 units, where Ti ions positioned at (0, 0, 0) and (1/2, 1/2, 1/2), while O ions located at ± (u, u, 0) and ± (1/2 + u, 1/2 − u, 1/2), where u ≈ 0.305 nm [52] . Therefore, four Raman active modes could be observed in the frequency region of 100-700 cm −1 , namely B 1g , two-phonon bands (marked as *), E g , and (E g ) and 612 cm −1 (A 1g ) [53, 54] . Prominent peaks can be observed for E g and A 1g , which are considered as characteristic peaks of rutile TiO 2 . The E g and A 1g are nonpolar and polar modes, respectively; these peaks involve vibrating O ions and stationary Ti ions in the lattice. The peak of E g represents the vibration mode of the Ti-O stretch, while A 1g indicates the vibration mode of released oxygen atoms from the phase along the c-axis. These peak positions are in good agreement with the E g (447 cm −1 ) and A 1g (612 cm −1 ) values of bulk rutile TiO 2 . The two-phonon bands in the Raman spectra however, translated into broad peaks in the spectra. Nevertheless, the peak of B 1g is relatively small and absent for 115 °C and 120 °C samples. This peak of B 1g is related to vibration mode of O-Ti-O bond bending. Other peaks indicating the structures of anatase and brookite of TiO 2 are undetectable on the spectra, which are in agreement with the XRD's result. The frequency shift of Raman bands for the grown TNAs at various growth temperatures is shown in Table 3 . The frequency shifts of distinct E g and A 1g peaks are red-shifted for all the grown samples as compared to the bulk counterpart. The redshift increased gradually as the growth temperature is increased. In essence, the redshifting of the E g and A 1g peaks is likely to be related to a phonon confinement effect and oxygen vacancy defects in rutile TiO 2 structures [55, 56] . Furthermore, the red-shifts may partly be explained by the tensile stress being influenced by the surface stress [57] , which agrees with our XRD analysis at various growth temperatures. The broad peak position at 235 cm −1 for two-phonon bands also red-shifted and intensified as the growth temperature increased, which may be attributed to the expanded TNAs size. The analysed patterns therefore further support the suggested relationship between the frequency red-shift and average crystallite size [58] as calculated from the XRD patterns. The intensity of the Raman peaks signifies the concentration or number of molecules in the grown TNAs. The resultant Raman intensities in Table 3 incrementally rise with the growth temperature for the 115-150 °C samples. A possible explanation for this might be that the penetration distance of the incident beam into the grown sample, which is higher in thicker and larger TNAs, increases the inelastic scattered light to escape from the sample. 3.02 eV energy gap of rutile TiO 2 [59] . The growth temperature greatly influences the fine structure in the transmittance spectra of the grown TNAs. Figure 6 exhibits a clear trend decreasing average transmittance with increasing growth temperature. The lowest transmittance can be observed in the sample grown at the maximum growth temperature in attribution to the observed elongations of the grown TNAs, as agreed with the FESEM analysis. The lengthened grown TNAs also may have increased the light scattering effect in crystallites, which reduced the transmittance of grown samples. The resultant UV-Vis spectra are used to measure the absorption coefficient using Lambert's law [60] :
where t is the thickness or TNAs length and T is the transmittance of the grown TNAs sample. The absorption coefficients of grown TNAs at various growth temperatures are presented in Fig. 7 . It can be seen from the result that the average absorption coefficient increases with decreasing growth temperature. The sharp slope can be seen below the UV region (< 410 nm) for all grown samples. The high absorption coefficient for the grown TNAs sample at the lowest growth temperature is due to the particle size and length of the nanorod, which is the lowest of all samples; its value below 410 nm is by far the largest of all studied samples. A possible explanation for this is that the value, which is subjected to the film thickness, determines the degree of light penetration into the TNAs at a particular wavelength before being absorbed. The sharp edges are also observed to red shift toward lower wavelengths as the grown TNAs films thicken. These results are likely related to the increasing strain, as discussed in the XRD analysis previously.
The optical bandgap energy (E g ) of the grown TNAs at various growth temperatures were estimated using the Tauc plot between 300 and 500 nm using the following equation [61-63]: where α is the absorption coefficient, hν is the photon energy, E g is the optical bandgap, and A is a constant. E g was obtained from the estimated linear line of the plotted graph of (αhν) 2 versus hv for the grown TNAs samples (Fig. 8) . The plotted graph displays an adequate linear line at the switching curve, inferring that the grown TNAs is in the direct bandgap in nature [64, 65] . The estimated values of the optical bandgap at various growth temperatures are presented in Table 1 . The optical bandgap reduces from 3.42 to 3.00 eV with rising growth temperatures. This shrinking of the optical bandgap with respect to elevating growth temperature might be associated to the change in TNAs size, density, crystallization, oxygen vacancies, and size intensification of the scattering centre [66] [67] [68] . However, we believe that the size expansion and enhanced crystallization are the dominant mechanisms that influence the optical bandgap of TNAs. At higher growth temperatures, crystallites grow larger to improve the crystallization, which increases the size of TNAs and subsequently reduces the optical bandgap energy. The investigation of UV-Vis spectroscopy has also shown that radiation below 410 nm can be absorbed by the grown TNAs. Thus, this variation of light absorbance contributes to the generation of excitonic charge carriers based on the thickness of the grown layer.
The photoresponse properties of grown TNAs at growth temperatures of 115 °C, 120 °C, 130 °C, 140 °C and 150 °C samples under the UV irradiation (365 nm, 750 µW/cm 2 ) was measured from the generated photocurrent under an on/off state of the UV lamp at 0 V bias in a prepared electrolyte solution containing PEC structure. From the result in Fig. 9 , it is apparent that the generated photocurrent of all grown samples instantly rose and fell when switching the on/off state of the UV lamp. The photocurrent patterns are almost identical through each cycle of switching for all the samples. It can thus be suggested that the grown TNAs exhibit remarkable responses to the UV irradiation in electrolyte solutions. This generated photocurrent may be explained by the fact that UV irradiation, which exceeds the bandgap energy of the grown TNAs, is able to excite the electrons from the valence to conducting band and thereby leave holes in the valence band to form electron-hole pairs.
TiO 2 is essentially an n-type material and could disassociate to Ti 3+ and oxygen vacancies (V O ) under the UV irradiation [69, 70] , which could be based on the following reaction [71] :
Under the exposure of UV energy, excitonic charge carriers were generated based on following equation:
where hv is the photon energy, e − is the electron and h + is the hole. The photon energy discharges O 2− to produce oxygen vacancies in the grown TNAs. The photogenerated electrons move toward the FTO glass substrate through the nanorods, while the photogenerated holes diffuse toward the TNAs/ electrolyte interface. The flow of photogenerated electrons through the external circuit produces the photocurrent, while the photogenerated holes diffuse into electrolytes to oxidize iodide ions in the process. The photogenerated electrons then react with the oxidized iodide ions (triodide ions) to complete the closed circuit.
Generally, the photocurrent decreases the amount of resistance upon the UV exposure and instantly returns to its initial dark current value during the "off" state [15, 72] . The values of generated photocurrent are presented in Table 4 . There is a clear trend of increasing generated photocurrent from 3.48 to 26.31 µA with increasing growth temperature from 115 to 150 °C of grown TNAs samples. From this data, we can see that the grown TNAs in the 115 °C sample resulted in the lowest, while the grown TNAs at 150 °C sample resulted in the highest value of photocurrent. The increase of generated photocurrent may be explained by the expansion of the interface area in grown TNAs/electrolyte results in higher UV absorption [12] . Additionally, longer TNAs with high crystallinity can induce in a faster separation of electron-hole pairs and oriented transfer of the photogenerated charges [41] ; this thus could produce a higher UV photoresponse. This outcome is in line with the enlarging sizes of grown TNAs with respect to rising growth temperature as measured with FESEM. It can thus be suggested that the surface area of grown TNAs is the main parameter in determining the generated photocurrent. The values of photocurrent show that the UV absorption of grown TNAs is improved as expected with increasing growth temperature. This result is also in agreement with the I-V measurement of grown TNAs at 115-150 °C samples, as shown in Fig. 10 at ambient temperature within the range of − 1.0 V. The plot in Fig. 10 shows a linear graph indicating the Ohmic characteristic of the grown TNAs samples. The electrical properties of the samples are summarized in Table 4 . From the result, it is apparent that the resistivity increases from 73.15 to 174.26 MΩ cm as the growth temperature increases from 115 to 150 °C. This result shows a positive correlation between the resistivity and growth temperature that could be attributed to the increased layer thickness of grown TNAs. The variation of resistivity may also be due to voids that ascended from periodic cylindrical nanorods on the substrate. From the photocurrent spectra, the responsivity (R) of the UV sensor was also calculated by Eq. (11) [73] :
where J ph is the photocurrent density, J dark is the dark current density, and P op is the optical power density of the UV source (750 µW/cm 2 ). The active surface area of a TNAsbased UV sensor, which was irradiated with the UV light, is fixed at 1 cm 2 . The photocurrent and dark current of 115-150 °C samples are presented in Table 4 . From these values, the responsivity of the UV sensor increases from 5 to 35 mA/W as the growth temperature rises from 115 to 150 °C. This result indicates that the UV sensor composed of TNAs grown at 150 °C has the highest responsivity than the other samples.
The sensitivity of grown TNAs in electrolyte solution under the influence of UV energy at 0 V bias is defined as the photocurrent per dark current based on the following equation [74, 75] :
The values of calculated sensitivity are also presented in Table 4 . They illustrate the increase of sensitivity from 232 to 731 with respect to the increase of growth temperature from 115 to 150 °C. This outcome suggests that the sensitivity of grown TNAs mostly depends on the photocurrent value as the dark current value measured at 0 V bias is extremely low.
The rise and fall times of photocurrent under the influence of UV energy of the TNAs/electrolyte heterojunction were also measured. To calculate the response times for each sample, the current density-time switching curves (Fig. 9 ) measured at 0 V bias were analysed at the rising and falling edges. The rise time is the required time for the photocurrent to increase from 10 to 90% of its maximum value, while the fall time is the required time for the photocurrent to decrease from 90% to 10% of its minimum value. As can be seen from Fig. 8 , the rise time is noticeably less than 0.2 s and the fall time is less than 1.0 s as shown in Table 4 . Overall, these results indicate that the photocurrent is instantly produced as soon as the UV light is turned on, indicating that the grown TNAs are suitable for high response sensing applications. The photocurrent decay could also be observed at the beginning of the "on" state of UV light in all samples. A strong spike first manifested and gradually diminished until it has been expended to a saturated value of photocurrent. The photocurrent decay may be explained by the fact that the excessive generation of excitonic charge carriers caused by the accumulation of electrons in the bulk or holes on the surface of the grown materials would instantly recombine after being produced [76] . This phenomenon is also possibly due to the inefficient transportation of charge carriers from the TNAs in electrolyte solution under the exposure of UV energy. However, the photocurrent decay in our case could be negligible due to the difference between the maximum spike and the saturated photocurrent values are relatively higher than the dark current value.
In general, the photocurrent is dependent on the photoconductivity effect of the nanorods, which are governed by light-trapping and hole-trapping mechanisms, and the interfacial properties of TNAs/electrolyte, which contains chemisorbed oxygen molecules [77, 78] . These mechanisms are likely to be related to the availability of active surface area. The adsorbed and desorbed oxygen molecules are also corresponded to the rise and fall times upon the interaction with UV energy and became dominant when the materials reached the nanoscale [79] . A high-resistance space charge layer is initially formed at the TNAs/electrolyte interface without any external interference that is likely to be related to the presence of free electrons in n-type TNAs that captured oxygen molecules. The adsorbed oxygen is subsequently desorbed from this space charge layer upon UV illumination to produce excitonic charge carriers, thereby In addition, electrochemical impedance spectroscopy (EIS) analysis has been performed to investigate the overall resistance, electron mobility, and recombination of electron-hole pairs at the interface of grown TNAs/electrolyte. The study was performed under UV light (365 nm, 750 µW/cm 2 ) in a frequency between 0.1 and 10 4 Hz. Figure 11 provides the plot of Nyquist results obtained from the preliminary analysis of EIS for TNAs samples grown at the 115-150 °C temperature range. The equivalent circuit to define the impedance data is shown in the inset of Fig. 11 , which corresponds to the charge transfer resistance and capacitance at the TNAs/electrolyte interface (R and C) at an intermediate frequency. The electrolyte/FTO interface at high frequency is represented by the charge transfer resistance (R CE ) and Helmholtz capacitance (C CE ), while the external circuit at low frequency is represented by the series resistance (R s ) [27, 59, 80] . Overall, the semicircles in the plotted graph represent the R at the intermediate frequency for all samples, which describe the effective surface reaction through the resistance of the grown TNAs under the influence of UV photon energy. R CE and R s are too small to be seen and considered negligible in the plotted graph, which specifies that the charge transfer at the grown TNAs/ electrolyte interface is the dominant factor for contributing the photocurrent under the influence of UV energy. The data for the respective charge transfer resistances were analysed and summarized in Table 5 . As can be seen from the table, the R value decreases with increasing length of grown TNAs due to the increase of growth temperature on the 115-150 °C samples. The decline of R could be attributed to the fact that the number of excitonic charge carriers under the influence of UV energy increases with expanding surface areas of grown TNAs.
Comparison of the findings with those of other studies confirms the association between photocurrent and thickness layer of a grown film [81, 82] . These findings also in line with previous research regarding the correlation between charge transfer resistance and size of grown films [81, 83] . From this result also, we can see that varying the growth temperature resulted in the lowest value of R for the 150 °C sample, replicating that the optimal growth of TNAs yields the maximum number of excitonic charge carriers, and increases the carrier mobility of the grown TNAs. Prior studies have noted the importance of minimising the value of R for enhancing charge transfer through the nanorods with high diffusivity between the grain boundaries and nanoparticles, for lowering electron trapping, and for minimising recombination rate of charge carriers [27, 59, 80, 84] . The results from EIS analysis are also in agreement with the photocurrent values. It can thus be suggested that low charge transfer resistance leads to the increase of charge mobility in the generated photocurrent, and thus increases the responsivity of grown TNAs under the influence of UV energy as shown in Table 5 . Moreover, the net loss of excitonic charge carriers during the interaction with UV photons is compensated by the generated photocurrent gain that leads to high photoresponse [83] . Figure 12 displays the Bode-phase plot for grown TNAs on the 115-150 °C samples. The lifetime of electrons (τ) for these samples under the influence of UV photon energy was assessed by the maximum frequency of the peak at the intermediate frequency of the grown TNAs/electrolyte interface from the Bode-phase plot using the following equation [27] :
where f max is the maximum frequency of the peak. respect to rising growth temperatures of 115-150 °C for the samples. The result indicates that the high surface area of grown TNAs lengthens the path of electron transport towards the conductive substrate, which is associated with more electrolytes permeating into TNAs at higher growth temperatures. This large increase in electron lifetime suppressed the recombination of electrons with the reduced species in the electrolytes. It has also been suggested that the poor contact between TNAs and the FTO substrate could boost the recombination of the carriers at the TNAs/FTO interfaces leading to low photocurrent and electron lifetime [85] . Upon UV illumination, the majority of the excited electrons move toward the FTO substrate, while the photogenerated holes move toward the electrolytes due to the built-in field potential. These photogenerated electrons could be collected by the FTO substrate and then transported to the external circuit to produce the photocurrent. However, the poor contact between the TNAs and FTO could induce recombination of the photogenerated electrons. Furthermore, some of the electrons could be trapped in the lattice defects at the surfaces or interfaces and subsequently recombine with the redox species in the electrolytes. The enlargement of TNAs size with long growth time is expected to improve the contact between TNAs and FTO and thus increase the electron lifetime and photocurrent. Furthermore, the greater crystallite size of TNAs at higher growth temperature as analysed through XRD data facilitate a high surface contact with the FTO substrate and provide smooth carrier transportation across the contacts. The decrease of the R value in accordance to the Nyquist plot (leading to increasing of generated photocurrent) also suggests the efficient interception of charge carrier recombination throughout the grown TNAs/electrolyte interface. Therefore, a longer τ improves the generated photocurrent and responsivity of grown TNAs, which is in agreement to those observed in the Fig. 9 . These results imply that TNAs deposited at high growth temperatures bring effective pathways for electron transportation that improve the photocurrent under UV irradiation.
Conclusion
The TNAs were successfully grown on the FTO glass substrate without a TiO 2 seed layer by using an improved onestep aqueous chemical growth method in a clamped Schott bottle at different growth temperatures from 115 to 150 °C. FESEM analysis showed that the diameter and length of the grown TNAs increase with increasing growth temperature due to an increase in the nucleation reaction rate. The XRD and Raman analyses revealed that the grown TNAs were crystalline rutile TiO 2 . The optical analysis showed that all samples absorbed UV irradiation below 400 nm and the energy bandgap decreased with increasing growth temperature. All grown TNAs samples displayed outstanding responses and highly stable generated photocurrents under the influence of UV energy at 0 V bias in an electrochemical reaction. The generated photocurrent is determined by the effective area of grown TNAs/electrolyte interface for UV absorption. A high generation of photocurrent also decreases the net resistance and occurrence of recombination of charge carriers. In addition, the photocurrent value of grown TNAs under the influence of UV energy could be efficiently tuned by controlling the growth temperature in compliance with detection system requirements. The highest photocurrent value of 150 °C sample was 26.31 µA with a responsivity of 35 mA/W. 
